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Abstract 

Objective: Annexin A5 is a phosphatidylserine binding protein that binds dying cells in vivo. Annexin A5 is a potential 
molecular imaging agent to determine efficacy of anti-cancer therapy in patients. Its rapid clearance from circulation limits 
tumor uptake and, hence, its sensitivity. The aim of this study is to determine if non-invasive imaging of cell death in tumors 
will benefit from increasing circulation time of annexin A5 by increasing its size. 

Procedures: Annexin A5 size was increased by complexation of biotinylated annexin A5 with Alexa-Fluor680-labeled 
streptavidin. The non-binding variant of annexin A5, M1234, was used as negative control. The HT29 colon carcinoma 
xenograft model in NMRI nude mice was used to measure tumor uptake in vivo. Tumor uptake of fluorescent annexin A5- 
variants was measured using non-invasive optical imaging. 

Results: The annexin A5-streptavidin complex (4:1, molesimoles, M w —200 kDa) binds phosphatidylserine-expressing 
membranes with a Hill-coefficient of 5.7±0.5 for Ca 2+ -binding and an EC50 of 0.9±0.1 mM Ca 2+ (EC50 is the Ca 2+ 
concentration required for half maximal binding)(annexin A5: Hill-coefficient 3.9±0.2, EC50 1.5±0.2 mM Ca 2+ ). Circulation 
half-life of annexin A5-streptavidin is ±21 minutes (circulation half-life of annexin A5 is ±4 min.). Tumor uptake of annexin 
A5-streptavidin was higher and persisted longer than annexin A5-uptake but depended less on phosphatidylserine binding. 

Conclusion: Increasing annexin A5 size prolongs circulation times and increases tumor uptake, but decreases contribution 
of PS-targeting to tumor uptake and abolishes power to report efficacy of therapy. 
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Introduction 

Early assessment of efficacy of anticancer drugs can help to 
improve treatment of cancer patients. Traditionally response to 
treatment is evaluated by monitoring changes in tumor volume, 
which often become apparent 4-6 weeks after start of therapy. 
Molecular Imaging holds the promise to record responses much 
earlier by unveiling molecular changes at the cellular level [1,2]. 
Most anticancer compounds and radiotherapy aim to provoke cell 
death of tumor cells and endothelial cells of the tumor vasculature. 
Cell death can present itself in various forms depending on cell 
death trigger and the subsequently activated pathways [3,4]. Cell 
surface expression of phosphatidylserine (PS) appears to be a 
common denominator to the various modes of cell death and, 
hence, is an attractive target to measure cell death by Molecular 
Imaging [5-7]. Annexin A5 (anxA5), a PS binding human protein, 
has been investigated extensively as probe to measure cell death 
non-invasively [8-11]. 99m Technetium labeled anxA5 has been 



used in clinical studies and shows promise in determining efficacy 
of anticancer therapy early after start of treatment [12-16]. The 
rapid pharmacokinetic of 99m Tc-anxA5 [17] is considered a 
feature that limits tumor uptake and that, thereby, reduces 
sensitivity of the imaging protocol. AnxA5 has been coupled to 
polyethylene glycol and nanostructures to prolong circulation time 
and to improve tumor uptake [18,19]. Increasing size, however, 
may diminish contribution of targeting function to uptake by solid 
tumors due to the enhanced permeability and retention (EPR) 
effect [20,21]. 

In this paper we investigated effects of increasing size of anxA5 
on PS-targeting to a tumor in a cyclophosphamide (CYP) treated 
HT29 human colon carcinoma xenograft mouse model using non- 
invasive optical imaging. 



PLOS ONE | www.plosone.org 



1 



May 2014 | Volume 9 | Issue 5 | e96749 



Imaging of Cell Death in Tumors Depends on Size of Annexin A5 



Materials and Methods 

Expression, Purification and Labeling of 36 KDa anxA5 
Variants 

A non-PS binding variant of anxA5 (Ml 2 34) was generated by 
mutation of anxA5 cDNA replacing 4 acidic amino acids of the 
Ca 2+ binding sites as described [22]. AnxA5 and M1234 cDNA 
were cloned into the pQE30-FXa vector (Qiagen) directly behind 
the factor Xa cleavage site. Glyl66Cys and Cys316Ser substitu- 
tions were introduced for site-specific maleimide labeling at the 
concave side of anxA5 [23]. Proteins were expressed by the Ml 5 
E. coli strain (Qiagen) and purified from cell lysate using Ni-NTA 
technology (GE Healthcare). His-tags were removed by FXa 
cleavage and subsequent Ni-NTA chromatography. Residual FXa 
was removed on a Benzamidine column (GE Healthcare) and was 
less than 50 pM for all purified anxA5 variants. Protein purity was 
verified by SDS-PAGE and MALDI TOF/TOF (Applied 
Biosystems 4800 analyzer). AnxA5 and Ml 234 were labeled with 
maleimide-biotin (Pierce) and maleimide-Alexa Fluor 680 (AF680, 
Invitrogen/Life Technologies) for 1 hour at room temperature at 
pH and protein:label molar ratio of 7.4 and 1:5 (maleimide-biotin) 
and 6.0 and 1:1 (maleimide-AF680). Free label was removed by 
dialysis and labeling efficiency and stoichiometry were assessed by 
MALDI TOF/TOF analysis. PS binding was measured using 
ellipsometry as described [24]. 

Assembly and Characterization of anxA5-NP and Ml 234- 
NP Complexes 

Biotinylated anxA5 and Ml 234 were mixed with strep tavidin- 
AF680 (Invitrogen/Life Technologies) at a molar ratio of 4: 1 and 
incubated during 30 minutes at room temperature. AnxA5 and 
Ml 234 complexed with streptavidin (anxA5-NP and M1234-NP, 
respectively) were analyzed for PS binding to synthetic phospho- 
lipid membranes and apoptotic cells as described elsewhere [25]. 
The affinity of anxA5-AF680 and anxA5-NP-AF680 binding to 
PS-membranes was determined using the Red Blood Cell (RBC) 
assay [26]. Briefly, 1 nM anxA5-AF680 or anxA5-NP-AF680 was 
incubated with 5*10 7 RBC/ml (Beckman Coulter) in the presence 
of calcium concentrations in the range of 0-10 raM. RBC were 
washed with buffer of equal calcium concentration and bound 
anxA5-AF680 or anxA5-NP-AF680 was eluted with 600 ul 5 mM 
EDTA buffer, pH 7.4. Fluorescence at 702 nm (F) was measured 
in supernatant (SLM Aminco). The binding parameters EC 50 
([Ca 2 ^| required for half-maximal binding) and Hill coefficient (h) 
were determined from calcium titrations by fitting data to equation 



F/F„ 



= [Ca] h /([Ca] h +EC 50 h ) 



using GraphPad Prism. 



Relationship between Fluorescence Intensity (Fl) and 
Concentration Fluorescent anxA5 Variant 

Dose-ranges of the fluorescent anxA5 -variants were prepared in 
96-well plates. Fluorescence was measured per well with Optix 
MX2 (ART Advanced Research Technology, equipped with a 
670 nm pulsed laser diode with 80 MHz frequency and 12.5 ns 
time window) using a 693 nm longpass filter. Fl/volume was 
calculated using Optix MX2 Optiview software (version 2.01.00). 
Reference curves were prepared by plotting Fl/volume versus 
protein concentration. Fitted reference curves were used to 
calculate protein concentrations from determined Fl/volume in 
all further experiments. 

HT29 Human Colon Carcinoma Xenograft Mouse Model 

Human colon carcinoma HT29 cells (ATCC) were cultured in 
DMEM supplemented with 10% FBS and 1% penicillin/ 
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Figure 1. Analyses of purity of anxA5 and Ml 234, and 
stoichiometry of anxA5-biotin and anxA5-AF680. (A) 50 ng 

purified anxA5 and Ml 234 were run on an SDS-PAGE. The proteins were 
visualized by silver staining. (B) Maldi TOF/TOF spectrum of purified 
anxA5 showing a peak of the monomer at 35772 Da, the dimer at 
71589 Da and the double protonated peak at 17826 Da. (C) Maldi TOF/ 
TOF spectrum of anxA5 labeled with maleimide-biotin showing a peak 
at 36309 Da. Maleimide-biotin labeling resulted in a Mw increase of 
±540 Da indicating 1:1 stoichiometry. (D) Maldi TOF/TOF spectrum of 
anxA5 labeled with maleimide-AF680 showing a peak at 36672 Da. 
Maleimide-AF680 labeling resulted in a Mw increase of ±900 Da 
indicating 1:1 stoichiometry. Comparable results were obtained with 
M1234-biotin and M1234-AF680 (not shown). 
doi:10.1371/journal.pone.0096749.g001 
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Figure 2. Three-dimensional (3-D) models of anxA5-Biotin (A) 
and anxA5-NP (B). The 3-D structure was retrieved from the 1ANX 
entry of the Protein Data Bank (PDB). Residue 166 was replaced by a 
cysteine and coupled to maleimide-PEG2-Biotin using Yasara. The 
picture was generated using PyMOL. The structure of streptavidin was 
retrieved from the 1SWG entry of PDB. 4 anxA5-biotin monomers were 
docked to streptavidin's biotin binding pockets and the picture was 
generated using ICM-Pro. 
doi:10.1371/journal.pone.0096749.g002 
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streptomycin. Cells were harvested with trypsin and resuspended 
in Phosphate buffered saline, pH 7.4. 15*10 6 cells were injected 
subcutaneously into the hind thigh of an immunodeficient NMRI 
nude mouse (Charles River). Mice having tumor volumes of 
200 ±50 mm 3 as determined with a caliper, were assigned 
randomly to control group and treatment group. The treatment 
group received 170 mg/kg CYP (Sigma-Aldrich) intraperitoneally 
(IP) 24 hours prior to the start of a series of imaging [27]. 

Imaging Tumor-uptake of Fluorescent anxA5 Variants 

Mice (n = 7 per group) were anaesthetized with 2.5% isoflurane. 
Tumor volumes were measured and mice were placed in a holder 
in the Optix MX2. Region of interest (ROI) was drawn around the 
tumor and a background image was acquired. 2 nmoles fluores- 
cent anxA5 variant were injected intravenously per mouse and a 
series of imaging was performed at various time points during a 
period of one week. FI of ROI was determined using Optix MX2 
Optiview software, FI/ tumor volume was calculated and subtract- 
ed with background signal. Tumor uptake of fluorescent anxA5 
variant was calculated in nM from Fl/volume using reference 
curves. Scattering and absorption by tissue was ignored as it was 
assumed to be comparable for all anxA5 variants. 

Pharmacokinetics of Fluorescent anxA5 Variants 

NMRI nude mice (Charles River) were anaesthetized using 
2.5% isoflurane and injected with 2 nmoles fluorescent anxA5 
variants (n = 3 per group). Blood samples were taken by vena 
saphena puncture at 1,5, 15, 30, 60 and 120 minutes and at 1, 15, 
30, 60, 120 and 240 minutes post-injection for anxA5 and Ml 234, 
and anxA5-NP and M1234-NP, respectively. Blood samples were 
anticoagulated with 5 mM EDTA. Blood plasma was prepared by 
centrifugation (5 min in an Eppendorf table top centrifuge) and 
transferred to wells of a 96-well plate. FI/ volume was determined 
and plasma levels of fluorescent anxA5 variant in nM were 
calculated. Half-life of circulating anxA5 variant was determined 
by non-linear regression of the time-course performing a mono- 
exponential fit. 

Biodistribution of Fluorescent anxA5 Variants 

2 nmoles of fluorescent anxA5 variant were administered 
intravenously to untreated tumor-bearing mice (n = 3 per group). 
Total body scans were obtained before injection and lhour (anxA5 
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Figure 4. Red blood Cell (RBC) binding of anxA5 variants at low 
membrane density (1*10 4 molecules/cell) as determined by 
calcium titration. (A) Calcium titration curves of anxA5 (open circles) 
and anxA5-NP (open squares). Each point is the average of three 
experiments with bars indicating SEM. (B) Hill coefficient (black bars) 
and EC50 (grey bars) of anxA5 and anxA5-NP as determined from 
calcium titration curves. 
doi:10.1371/journal.pone.0096749.g004 

and Ml 234) and 24 hours post-injection (anxA5-NP and Ml 234- 
NP) using the Optix MX2 system with a scan resolution of 1 mm. 
Hereafter mice were sacrificed, organs were collected, weighted 
and FI was measured per organ. Fl/volume was calculated 
assuming that all organs had a density of 1 g/ml. Concentrations 
of variants were calculated in nM using reference curves. 
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Figure 3. Binding of annexin-variants to phosphatidylserine containing membranes. Panel A shows calcium-dependent binding of anxA5 
(closed circles), Ml 234 (open circle), anxA5-NP (closed squares) and M1234-NP (open squares) to a synthetic phospholipid surface comprising 
20 mole% phosphatidylserine and 80 mole% phosphatidylcholine. Binding was measured by ellipsometry and is expressed as change in degree of 
the analyser (A°) as described elsewhere [24]. Panel B shows the % of apoptotic cells of a population of anti-Fas stimulated Jurkat cells that can be 
detected using fluorescently labeled annexin-variants and flow cytometry. 
doi:1 0.1 371 /journal. pone.0096749.g003 
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Circulating PS-expressing Microparticles (MPs) 

Blood was collected from non-tumor bearing mice and from 
tumor-bearing mice before and 24 hours after treatment with CYP 
(n = 5 per group) via cardiac puncture. Blood was anticoagulated 
with citrate and amount of PS-expressing MPs was determined 
using the Zymuphen MP-activity kit protocol (Hyphen Biomed). 



Tumor Compartmental Modeling 

A 3 -compartmental model adapted from Bartlett et al. [30] was 
used to investigate the influence of active tumor targeting on 
tumor accumulation and retention of anxA5 variants. The system 
of equations was solved using Mathematica software (Wolfram 
Research). 



Immunohistochemical Analysis of Cell Death and 
Microvessel Density (MVD) 

Frozen tumors were cut into 7 Jim thick sections and fixed with 
4% paraformaldehyde. Cell death was visualized using the TdT- 
mediated dUTP-X nick end labeling (TUNEL) assay according to 
the manufacturer's protocol (In situ cell death detection kit, POD 
-Roche Applied Science). Nuclei were counterstained with 
hematoxylin (Klinipath). 4 Images of 2 sections of each tumor 
were collected at 20 x magnification (Leica DM 2000). MVD was 
determined using rat anti-mouse CD31 mAb and rabbit anti-rat 
IgG (BD Pharmingen), Brightvision poly HRP anti-rabbit IgG 
(Immunologic) and NovaRed-staining (Vector Labs). TUNEL- 
positivity and MVD-density were expressed as % TUNEL 
positivity per nuclear area, and CD31 -staining per total area 
using ImageJ [28] with the Immunoratio plugin [29]. 



Statistics 

A two-tailed Student's t-test was used to determine significance 
unless stated otherwise. Differences were considered significant for 
p<0.05 (*), p<0.01 (**) and p<0.001 (***). 

Ethical Statement 

All experiments with animals were approved by the local 
Animal Experiment Committee of the Maastricht University 
(DEC-UM). 

Results 

Characterization of Fluorescent anxA5, Ml 234, anxA5-NP 
and M1234-NP 

G166C variants of anxA5 and Ml 234 labeled with maleimide- 
AF680 and maleimide-biotin showed 1 : 1 stoichiometric complexes 
(Figure 1). The anxA5-NP and M1234-NP are fluorescent 
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Figure 5. Blood clearance and biodistribution of annexin-variants in NMRI nude mice. 2 nmoles of fluorescently-labeled annexin-variant 
were injected intravenously. At various time-points 25 pJ blood samples were collected to measure fluorescence. Blood concentration of annexin- 
variant was calculated using the constructed reference curves. Panel A shows the blood clearance of anxA5 (grey squares), M1234 (black circles), 
anxA5-NP (black triangles) and M1234-NP (grey triangles). Half-lives were calculated by mono-exponential fit (B). *p<0.05, **p<0.01, ***p<0.001. 
2 nmoles of fluorescently labeled anxA5 (black bars, panel C), M1234 (grey bars, panel C), anxA5-NP (black bars, panel D) and M1234-NP (grey bars, 
panel D) were injected intravenously into tumor-bearing NMRI nude mice. 1 hour (panel C) and 24 hours (panel D) post-injection organs were 
collected, weighed and measured for fluorescence. Concentration of annexin-variant were calculated using the constructed reference curves. 
doi:10.1371/journal.pone.0096749.g005 
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Figure 6. Non-invasive optical imaging of kinetics of tumor-uptake of fluorescently labeled annexin-variants in tumor bearing 
NMRI nude mice untreated (-CYP) or treated with cyclophosphamide (+CYP). Panels A and C show representative pictures of tumors of 
mice injected with anxA5 and Ml 234 (A), and anxA5-NP and M1234-NP (C). Panel B illustrates the time courses of tumor levels of anxA5 (closed 
circles, -CYP; open circles, +CYP) and Ml 234 (closed squares, -CYP; open squares, +CYP). The inset shows the time-courses during the first 10 hours. 
Panel D represents the time-courses of tumor levels of anxA5-NP (closed circles, -CYP; open circles, +CYP) and Ml 234 (closed squares, -CYP; open 
squares, +CYP). 

doi:10.1371/journal.pone.0096749.g006 



nanoparticles of ~200 kDa with estimated dimensions of approx- 
imately 14x14x8 nm (Figure 2). Conjugation to Cysteine at 
position 1 66 should be without effect on the functional PS-binding 
of anxA5 even if large molecular complexes were conjugated [31]. 
AnxA5 and anxA5-NP bound Ca 2+ -dependently to PS-containing 
phospholipid bilayers (Figure 3A) and to apoptotic cells (Figure 3B) 
whereas both Ml 234, a non-PS binding variant of anxA5 [23], 
and M1234-NP had greatly reduced PS-binding activity (Figure 3). 

PS-binding affinity of anxA5 and anxA5-NP were measured 
using the RBC -assay. AnxA5 and anxA5-NP had Hill-coefficients 
for Ca 2+ -binding of 3.9±0.2 and 5.7±0.5 respectively, and EC50- 
values (Ca 2+ -requirement for half-maximal binding to the RBC 
surface) of 1.5±0.2 mM and 0.9±0.1 mM repectively (Figure 4), 
demonstrating that anxA5-NP exhibits a higher affinity for PS- 
expressing cell membranes at extracellular Ca 2+ -levels than 
anxA5. Relationships between fluorescent anxA5 variant concen- 
tration and Fluorescence Intensity (FI) were linear for all anxA5- 
variants (data not shown). 

Pharmacokinetics and Biodistribution of anxA5, Ml 234, 
anxA5-NP and M1234-NP 

Pharmacokinetics of the fluorescent anxA5 -variants were 
determined by injecting 2 nmoles of fluorescent anxA5 -variant 
intravenously into NMRI nude mice. All fluorescent conjugates 
showed mono-exponential clearance from circulation (Figure 5A) 



from which half-lives were calculated of 4.1, 4.5, 21 and 
58 minutes for anxA5, Ml 234, anxA5-NP and M1234-NP, 
respectively (Figure 5B). These findings suggest that the property 
of PS-binding causes a more rapid clearance from circulation. 
Circulating microparticles (MP) with surface expressed PS may 
explain this observation [32]. Therefore, we determined PS- 
expressing MPs in circulation of control mice and untreated and 
CYP-treated tumor-bearing mice. Levels of circulating PS- 
expressing MPs were in all cases below 0.5 nM of PS-equivalents 
and were too low to cause significant sequestration of injected 
anxA5 and anxA5-NP (data not shown). Biodistributions of 
anxA5, Ml 234, anxA5-NP en M1234-NP were determined in 
tumor-bearing mice. In contrast to anxA5 and Ml 234, which are 
predominantly cleared by kidneys (Figure 5C), anxA5-NP and 
M1234-NP showed higher liver and spleen uptake in agreement 
with size of the NP (Figure 5D). AnxA5 accumulated more in the 
tumor than Ml 234 (Figure 5G) while this was reversed for anxA5- 
NP and M1234-NP (Figure 5D). 

Optical Imaging of Response to CYP-treatment using 
Fluorescent anxA5-variants 

Biodistribution was determined at a single time-point post- 
injection of the variants. In order to determine contribution of size 
and PS-targeting to tumor uptake of the variants we measured 
dynamics of tumor uptake in untreated and CYP-treated tumor- 



PLOS ONE | www.plosone.org 



5 



May 2014 | Volume 9 | Issue 5 | e96749 



Imaging of Cell Death in Tumors Depends on Size of Annexin A5 



A B 




Figure 7. Determination of apoptosis (A-C) and microvessel density (D) in tumors of NMRI nude mice: effects of cyclophosphamide 
(CYP) treatment. Untreated (-CYP) and treated tumors (+CYP) were excised from tumor-bearing mice, frozen and sectioned. Sections were stained 
with TUNEL-assay and hematoxylin. % TUNEL-positive nuclei was determined as a measure of apoptosis (A-C). Panel A shows TUNEL-staining of a 
section of an untreated tumor and panel B of a CYP-treated tumor. Sections were stained with the endothelial specific antibody anti-CD31 and 
hematoxylin. Microvessel density was determined as % of tumor area that is CD31 -positive (D). **p<0.01. 
doi:1 0.1 371 /journal. pone.0096749.g007 
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Figure 8. 3-compartment model and equations that were 
employed to fit the experimental data, k is constant, C is 
concentration (nM) and V is volume (L). 

doi:1 0.1 371 /journal. pone.0096749.g008 



bearing mice by non-invasive optical imaging during a period upto 
200 hrs (Figure 6). AnxA5 accumulated more than Ml 234 and its 
tumor level increased by CYP-treatment during the time-course in 
contrast to Ml 234, the uptake of which showed a decrease in 
response to CYP-treatment (Figure 6B). AnxA5-NP and Ml 234- 
NP also accumulated in tumor, albeit with kinetics and at levels 
different from those of the monomers (Figure 6D). Remarkably, 
M1234-NP showed higher uptake than anxA5-NP during the 
whole time-course even if the tumor was treated with cyclophos- 
phamide. CYP-treatment significantly reduced tumor uptake of 
both NP's (Figure 6D). In order to gain understanding at the 
cellular level for the CYP-induced differences in tumor uptake we 
measured both cell death and microvessel density (MVD). CYP- 
treatment caused an increase of cell death in the tumor (Figure 7 A, 
B) explaining the higher uptake of anxA5 by CYP-treated tumor. 
CYP-treatment was without effect on MVD (Figure 7C, D). 

Compartmentalization of Fluorescent anxA5-variants in 
Untreated and CYP-treated Tumor 

In order to assess dynamics of distribution of variants within the 
tumor we adopted a non-linear bi-phasic 3-compartment model 
assuming exchange between compartment 1 (blood) and com- 
partment 2 (tumor interstitium) and between compartment 2 and 
compartment 3 (PS-target) (Figure 8). The experimental data of 
Figure 6B and not those of Figure 6D could be fitted according to 
the 3 compartment model. On basis of the fit the total uptake of 
anxA5 and Ml 234 could be dissected into dynamics of uptake in 
compartment 2 and 3 (Figure 9). AnxA5 reached peak concen- 
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Figure 9. Computational compartmentalization of tumor uptake of anxA5 and Ml 234. The experimental data of Fig. 6B were fit according 
to the model of Fig. 8. Panels A-C show representative fits for anxA5 uptake by untreated (A) and cyclophosphamide treated tumor (B) and for Ml 234 
uptake by cyclophosphamide treated tumor (C.) The experimental data (red circles) were used to calculate concentrations in whole tumor (black line), 
tumor interstitium (Comp. 2, red line) and bound to the PS-target (Comp. 3, blue line). Panel D shows the concentrations of anxA5 and Ml 234 in 
compartment 3 (PS-target) of tumor that was either untreated or treated with cyclophosphamide (+CYP) 6 hours post-injection. *p<0.05, **p<0.01. 
doi:10.1371/journal.pone.0096749.g009 



trations in the PS-target compartment approximately 6 hours post- 
injection (Figure 9A). Peak concentration of anxA5 in the PS- 
target compartment was increased approximately 4-fold by CYP- 
treatment (Figure 9B, D). Ml 234 concentration on the other hand 
peaked around 4 hours and decreased in response to CYP- 
treatment (Figure 9C, D). 

Discussion 

Molecular Imaging holds promise to predict efficacy of anti- 
cancer treatment of patients early after start of therapy. Several 
tumor targets and imaging modalities potentially serve this 
purpose [2]. Cell death of a tumor is regarded amongst the most 
promising targets and anxA5, which binds dying and dead cells, is 
appreciated as the most promising Molecular Imaging-agent. 
Radiolabeled anxA5 has been evaluated in clinical studies [8] and 
the clinical experience, although promising, indicate that the 
anxA5 imaging protocol requires improvement in order to be 
applicable to a broad range of cancer types and treatment 
regimens [16]. Timing of imaging is one of the critical parts of the 
protocol because the cell death response of the tumor may occur 
between 1 and 48 hours after start of treatment depending on 
cancer type and treatment regimen and because anxA5 is rapidly 
cleared from the circulating blood [33,34]. A protocol of multiple 
injections with labeled anxA5 was proposed to deal with the 
critical issue of timing [35]. Another proposed strategy aims to 
prolong circulation time by increasing size of anxA5 so as to 



circumvent need for multiple injections [19]. But size is key to 
tumor uptake and retention by determining passage of the 
compound across vascular endothelium, interstitial diffusivity 
and lymphatic drainage, collectively called the Enhanced Perme- 
ability and Retention (EPR) effect. EPR is a general characteristic 
of vascularized solid tumor [21] and becomes effective if 
compounds are larger than 40 kDa [36] . Increasing size of anxA5 
above this threshold would, hence, change maximal tumor uptake, 
time-course of uptake and contribution of target affinity to uptake 
[37]. In order to study effect of increasing size of anxA5 on 
dynamics of tumor uptake we conducted non-invasive molecular 
imaging using the well-vascularized HT29 tumor model in NMRI 
nude mice. Since HT29 tumors can be treated effectively with 
CYP [38] we used this cytotoxic agent to increase PS-target in 
tumors. Firstly, we measured tumor-uptake of anxA5 and Ml 234 
by non-invasive imaging. AnxA5 uptake exceeded always Ml 234 
uptake indicating that PS-binding contributed to anxA5 accumu- 
lation in the tumor. This was underscored by the observation that 
CYP-treatment increased apoptosis and anxA5 uptake but not 
Ml 234 uptake. Interestingly, CYP-treatment reduced Ml 234 
uptake without affecting microvessel density, suggesting that this 
cytotoxic agent normalizes leaky tumor vessels. This interpretation 
was strengthened by the observation that CYP-treatment reduces 
tumor-levels of anxA5-NP and M1234-NP, the uptakes of which 
are governed by EPR effects (see below). The time-courses of 
tumor uptake of both anxA5 and Ml 234 could be fitted almost 
perfectly with a 3-compartment model [36] assuming exchange 



PLOS ONE | www.plosone.org 



7 



May 2014 | Volume 9 | Issue 5 | e96749 



Imaging of Cell Death in Tumors Depends on Size of Annexin A5 



between blood (compartment 1) and tumor interstitium (compart- 
ment 2) and between tumor interstitium and tumor PS-target 
(compartment 3). According to this model anxA5-levels in the PS- 
compartment peaked approximately 6 hours post-injection and 
increased ± 4-fold after CYP-treatment. Hence, the optimal time- 
point for tumor-imaging would be around 6 hours after injection 
of labeled anxA5. Others reported optimal imaging time-points 
between 4 and 6 hours post-injection based on tumor-blood ratios 
of labeled anxA5 [27,39,40]. 

In order to prolong circulation time and, consequently, tumor 
uptake, the size of anxA5 was increased by biotinylation and 
subsequently complexation with streptavidin. This yielded a PS- 
binding complex of ~ 200 kDa with increased circulation half-life 
and an expected shift of the biodistribution profile from kidneys to 
liver and spleen. M1234-NP had a longer circulation half-life than 
anxA5-NP indicating that PS-binding of anxA5-NP contributes to 
its clearance likely through PS-dependent clearance by the 
reticuloendothelial system [19,41], this in contrast to anxA5, the 
clearance of which is dominated by kidney filtration and less by 
PS-binding affinity [42] . The kinetics of tumor-uptake of AnxA5- 
NP and M1234-NP markedly differed from those of the 
monomers. Tumor-levels of the complexes increased in the first 
25 hours after administration, whereafter they gradually declined. 
The time-courses of tumor-levels of the complexes could not be 
fitted according to the model of Figure 8, indicating that dynamics 
of exchange between the compartments differed between com- 
plexes and monomers, likely as a result of EPR effects acting on 
the complexes. Longer circulation times and EPR effects were 
likely responsible for the higher tumor-levels of the complexes. 
Remarkably tumor-levels of M1234-NP were always higher than 
anxA5-NP levels even after treatment with GYP indicating that 
PS-targeting does not contribute significantly to tumor uptake of 
anxA5-NP indicating that EPR effects govern uptake and 
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